Abstract: Fly ashes derived from coal fired power plants have unique chemical and mineralogical characteristics. The objective of this research was to study how indigenous bacteria affected heavy metal leaching in fly ash slurry during the fly ash-seawater interactions in the ash pond located in Yeongdong seashore, Korea. The in-situ pH of ash pond seawater was 6.3-8.5. For this study, three sites of the ash pond were chosen to collect a sample of fly ash slurry. Three samples that had a mix of fly ash (0.4 L) and seawater (1.6 L) were collected at each site. First sample was autoclaved (120 o C, 2.5 atm), second one was inoculated with glucose to stimulate the microbial activity, and the last sample was kept in the natural condition. Compared with other samples including autoclaved and natural samples, the glucose added sample showed sharp increase in its alkalinity after 15 days, cation concentration change such as Ca, Mg, and K seemed to increase in early stage, and then decrease 15 days later in slurry solution of glucose added sample, and a possibly considerable decrease in SO4 2− in the fly ash slurry samples when glucose was added to stimulate the microbial activity.
Introduction
Because of the limitations of condition for waterpower generation, the safety concerns of nuclear energy generation, and the high cost for thermal power generation using oil or gas, power generation is partially dependent on coal in Korea. However, because coal has a lot of inorganic matter, coal leaves ashes about 10 to 40 wt.% during coal combustion (Han et al., 2001) . About 4.4 Mt of fly ashes are produced annually from the combustion of coal in power plants in Korea (Lee et al., 2001 ). And it is produced annually worldwide about 550 Mt (Reijnders, 2005) . While the power plants were built inside inland in foreign countries, they were constructed at the seashore in Korea because of convenience of getting cooling water. Thus, most of fly ashes were vulnerable to dispose into the ash ponds with seawater for a long time (Kim et al., 2002) .
Coal-derived fly ashes have unique chemistry and mineralogical characteristics depending on the kind of coal and the condition of combustion (Gay and Davis, 1987) . Because coal contains significant quantities of various trace elements, trace elements are enriched on the surface of the ash particle due to evaporation and condensation during combustion of coal. Especially, lots of heavy metals such as V, Cr, Mn, Co, Ni, Zn, and Cu are contained in Fe-oxide minerals within fly ash, so it should be considered in leaching environments (Hansen and Fisher, 1980; Lee et al., 1997) . Also it is not good to use coal fly ashes thoughtlessly since it contains a variety of heavy metals (Yoon et al., 1995) . Besides, we need to understand with accuracy the mobilization of heavy metals since it has a high possibility of soil, underwater, and ocean pollution around ash pond.
It has been known that physicochemical factors and microbial activities play an important role in reaction between subsurface media and fly ash (Nickson et al., 2000; Roh et al., 2001; Roh et al., 2003b) . Microbial activity has numerous implications in the mobilization of heavy metals and radionuclide as well as the cycles of carbon in the natural environments. Microbes use contaminants such as Cr (VI) as a source of energy for their respiration as well as they precipitate them by biogeochemical processes in subsurface environments (White et al., 1997) . There are various microbes having different characteristics and it shows various activities according to living conditions (Cho et al., 2007) . So to provide a better understanding of the environmental impact of fly ash disposal, various laboratory tests have performed the immobilization of toxic metals and the characterization of leaching behaviors of ash by the indigenous microbes (Roh et al., 2003a) . Several researchers had performed the research on the metal leaching from coal ash in Korea (Kim et al., 2002) . However, research on the roles of microbes in fly ash disposal site has not been rather limited.
The objective of this study was to investigate whether it is possible or not to sequester carbon dioxide known as the material of global warming using fly ash originated the indigenous microbes in ash pond. And it is to check it up whether indigenous microbes facilitate the leaching of the heavy metals or not and to find out the biogeochemical roles of indigenous microbes in a reaction between seawater and fly ash in the ash pond.
Materials and Methods

Study area or sampling
The coal fly ashes were sampled from Yeongdong Coal-Fired Power Plant (January, 2006) 44'N). Dried fly ashes were collected at the silo of the power plant. Three sites were chosen at the ash pond for the sampling of fly ash slurry. Temperature, pH, and dissolved oxygen (DO) were measured at the sampling sites to check chemical condition of ash pond. And three samples were collected and stored in pre-clean glass bottles that had been rinsed with nitric acid in order to remove all heavy metal and organic residues. All sample, mixtures of fly ash (0.4 L) and seawater (1.6 L), were collected in 2-liter screw-cap bottle at each sites.
Experimental design
One of the samples collected from each site was autoclaved (120 o C, 2.5 atm) for 15 minutes. One of the samples at each site innoculated with glucose (5 mM) to stimulate the microbial activity. And the last sample at each site was kept in the natural condition. The whole 9 samples closed using a silicon cork to make anaerobic environment in a anaerobic glove box filled with nitrogen. The samples were stored in a incubator at 24.1 o C. Time course experiments from 0 to 60 days were performed to examine microbial effects on mineralogical changes and concentration changes of cations and anions within fly ash slurry obtained from YD Coal-Fired Power Plant.
Analytical methods
After aqua regia treatment of fly ashes, total content of fly ashes was analyzed in Korea Basic Science Institute (KBSI) at Daejeon, Korea. The major elements of solution in fly ash slurry were analyzed using ICP-AES (OPTIMA 4300 DV, Perkin-Elmer Co., USA). The trace elements were analyzed using ICP-MS (X5, ThermoElemental Co., USA). The cations (Mg, K, Ca, Mn, Fe, Zn) of leachate analyzed using ICP-MS (PE SCIEX Elan 6000, USA), and anions (Cl, SO 4 , F, NO 3 ) of leachate were analyzed using IC (ICS-90, Dionex Co., USA) in Center for University-Wide Research Facilities, Chonbuk National University. The concentration of HCO 3 − and alkalinity was determined through HCl titration. The quality control of the analytical data of the samples was carried under adding duplicate sample, reference sample, and blank sample during analytical process. Mineralogical characterization was carried out using X-Ray Diffraction (Dmax 2400, Rigaku Co., Japan) and scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analyzer (S-4700, Hitachi Co., Japan) in KBSI at Kwangju, Korea.
Chemistry and Mineralogy of Fly Ashes
Ash pond
In each sampling site of YD Coal-Fired Power Plant, dissolved oxygen (DO) of seawater was ranged from 35.3 to 71.3 mg/L, water temperature was ranged from 1.1 to 2.6 o C, and pH was ranged from 6.3 to 8.5 (Table  1 ). The pH of Yeongdong was lower relatively than that of ash pond in Dangjin Coal-Fired Power Plant. The pH of fly ash pond was ranged from 8.87 to 9.06 in Dangjin (Cho et al., 2007) . This is because the inflow of fly ash and cooling water is little and the desalination of seawater progressed for a long time at the ash pond. Fly ashes Domestic anthracite coal is mainly used as a fuel to produce electricity in Yeongdong Coal-Fired Power Plant. The carbon, sulfur, and ash contents of coal were determined 61.7, 0.5, and 34.6 wt.%, respectively. The generation of fly ashes were determined by ash content of coal (Cho et al., 2007) . The ashes contents is higher in coal than Dangjin Coal-Fired power station (Cho et al., 2007) . The ashes content were showed 11.8 wt.% in Dangjin. Because of large volume ash in YD Coal-Fired Power Plant, it may assume that a large amount of fly ash released. Table 3 shows major elements of weathered fly ash (WFA) and electrostatic precipitator ash (EPA) of Yeongdong Coal-Fired Power Plant. Most fly ashes are composed primarily of Si and Al with lesser amounts of Ca, Fe, Na, Mg, K and Ti (Hulett and Weinberger, 1980) . The contents of silica dioxide (SiO 2 ) and aluminium oxide (Al 2 O 3 ) in fly ashes are concentrated than those of raw coal (Lee et al., 1997) . The contents of silica dioxide by Korea South-East Power co., Ltd., 2004 : fly ash sampled at the fly ash silo of the YD Coal-Fired Power Plant. (Lee et al., 1997) . Although, these are used for domestic anthracite, it is believe these differences are related to the content of coal. Table 4 is showed concentrations of major and trace elements in fly ash produced from YD Coal-Fired Power Plant and the contents in utility range of fly ash suggested by Mattigod et al. (1990) and Eary et al. (1990) . The most major elements of fly ash exhausted by YD CoalFired Power Plant showed the content in utility range of fly ash and soils suggested by Mattigod et al. (1990) . However, the concentration of Ca, Fe and S were lower than utility range of fly ash in some samples. The concentration of Ca is showed 0.07 wt.% in YD1, Fe are showed 0.36 wt.% in YD2 and YD3, and S is showed 0.03 wt.% in EPA. And the concentration of most trace elements showed content within utility range of fly ash and soils suggested by Eary et al. (1990) . While the concentration of As and Cu showed 0.2 mg/kg and 25.3mg/kg in YD1, these were lower than utility range of fly ash, concentration of Mo of EPA is higher than utility range of soils suggested by Eary et al. (1990) .
Results and Discussion
Mineralogical characteristics
Analyses of fly ash using XRD and SEM showed these were contained mainly amorphous phases and crystalline minerals such as quartz (SiO 2 ) and mullite (Al 6 Si 3 O1 15 ). And fly ashes were composed of spherical materials with the size of 0.5-100 µm. SEM-EDX analysis represents major element of the fly ashes were mainly Si and Al. Also the fly ashes were consisted with K, Ca and S.
XRD and SEM-EDX analyses showed there is no mineralogical changes for 60 days of experiments. But, Mg, Ca, and Fe were enriched in solution during the time course experiments when glucose added to stimulate microbial activity. It may be attributed to microbial leaching of these elements from the fly ashes during the time course experiments.
Geochemical characteristics
Alkalinity: Alkalinity changes in glucose added samples showed a different trend to autoclaved and natural samples during the time course experiments. Autoclaved and natural samples showed little changes in a alkalinity during the time course experiments. However, glucose added samples showed the sharply increase in alkalinity after 15 days (Fig. 4) . While alkalinity of glucose added samples showed 1119.1 µeq/ L after 15 days, alkalinity increased by 4090.2 µeq/L after 30 days. This is because carbon dioxide is produced in process that bacteria oxidizes glucose to carbon dioxide, and then the carbon dioxide and water reacts together to form carbonic acid. Accordingly, activity of bacteria is activated sharply from 15 days later. When fly ash comes in contact with seawater in the beginning, the Mg Ca and K concentrations increase because of natural leaching (Hjelmar, 1990 ; Hockley and Van Der Sloot, 1991). However, if fly ash comes in contact with seawater for a long time, it decrease through precipitation because of the increase of pH by calcium oxide in fly ash (Roethel and Oakley, 1985; Hockley and Van Der Sloot, 1991) . Comparing with previous studies for Dangjin Coal-Fired Power Plant (Cho et al., 2007) (Roh et al., 2003a) . So, this is because carbon dioxide produced in process that bacteria consume glucose, reacts with metal ion such as Fe, Mg and Ca to form carbonate mineral and this minerals are precipitated (Konhauser, 1998; Roh et al., 2003a) . The biogeochemical processes to precipitate carbonate minerals were effective carbon dioxide sequestration (Roh et al., 2003a) .
Fe and Mn had a little different tendency on concentration changes in slurry solution of glucose added samples. In beginning, Fe shows the concentration below the detection limit in the samples. But, it was sudden detected 15 days later in the glucose added samples. And it showed maximum concentration of 6.8 mg/L 60 days later. . If bicarbonate is produced in process that bacteria consume glucose, Fe 2+ react with bicarbonate to form carbonate minerals such as siderite. Because that carbonate minerals are precipitated, it is not detected again (Konhauser, 1998; Roh et al., 2003a) . Geochemical data showed that the bacteria not only immobilize metals from the ash pond by facilitating the chemical reaction(ex: Eh and pH) with Mn and Fe but may also play an important role in sequestration of carbon dioxide by carbonate mineral precipitation (Roh et al., 2003a) . However, Mn showed the concentration below the detection limit in the all samples during the time course experiments. Na and Li of concentration variation trend was similar to that of Mg and Ca. Na and Li seemed to increase in the beginning, but these showed decrease 15 days later. The concentration of Na in fly ash slurry solution showed 166.5 mg/L originally, that showed the maximum of 211.0 mg/L 15 days later in glucose added samples. It decreased gradually after 15 days, it showed the concentration of 103.3 mg/L 60 days later. The concentration of Li in fly ash slurry solution showed 0.7 mg/L originally, that showed the maximum of 1.0 mg/L 15 days later in autoclaved samples. It showed the concentration below the detection limit after 15 days.
Anions: Cl
− is one of the harmful element and may cause environmental problems during coal combustion (Vassilev et al., 2000) . Since the concentration of Cl -in waste waters which transport fly ash from power plant exceed significantly the respective Clarke values for surface water, it may contaminate the surface and subsoil water, soils and plants in the areas near power plant (Vassilev and Vassileva, 1997) . The concentration of Cl -in slurry solution was ranged from 246.9 mg/L to 323.8 mg/L during the time course experiments. It is think that the high concentration of Cl -was induced seawater. However, because amount of waste waters which transport fly ash from power plant is less, and seawater was already proceeded fairly desalination in the ash pond, the concentration of Cl -was lower relatively than Dangjin Coal-Fired Power Plant ash pond (Cho et al., 2007) . sulphate-reducing bacteria is induced depletion of sulphide production such as pyrite (Bottrell and Morton, 1992) . Carbon dioxide is produced in process that sulphate-reducing bacteria consume glucose, and bacteria obtains electrons by these processes. The obtained electrons reduce sulfate ions to form sulfur ion gradually. In turn, the sulfur ion combines with hydrogen ion or metal ion to form sulfide minerals like HS, MnS, FeS (Tributsch, 2001) . Iron or sulphate-reducing bacteria use SO 4 2− in a process that they consume glucose in reducing environment, and they play a role of decreasing Mn and Fe ions. NO 3 − is similar to SO 4 2− on tendency of concentration changes. In natural samples, NO3 − showed 30.1 mg/L originally. It decreased gradually since first day and decreased to 7.8 mg/L in 60 days. On the other hand, it decreased continuously and showed under the detection limits in 8 days in glucose added samples. In a natural environments, NO 3 − and NO 2 − are apt to be soluble in water except for an environment which is very low in pH (Nelson, 2004) . However if the reducing environment is made, NO 3 − is reduced into N 2 O and CO 2 by bacteria (Stumn and Morgan, 1996) . Therefore, it is believed that the concentration of NO3 − decrease rapidly in glucose added samples compared with other samples. 
Conclusions
It was known that not only physicochemical factors and microbial activities play an important role in reaction between subsurface media and fly ash. So, the objective of this research was to study how indigenous bacteria affect heavy metal leaching and mineralogy in fly ash slurry during the fly ash-seawater interactions in the ash pond located in Yeongdong seashore, Korea.
And the results were 1. In Yeongdong Coal-Fired Power Plant ash pond, dissolved oxygen was ranged from 35.3 to 71.3 mg/L, water temperature was ranged from 1.1 to 2.6 and pH was ranged from 6.3 to 8.5. Except for some elements (Ca of YD1, Fe of YD2 and YD3, S of Yeongdong EPA), elements included in WFA and EPA showed the concentration within utility range of fly ash suggested by Mattigod et al. (1990) .
2. EPA and WFA of YD Coal-Fired Power Plant showed that they contain mainly amorphous phases and crystalline minerals such as quartz (SiO2) and mullite (Al 6 Si 3 O1 15 ). For the EPA and WFA of Yeongdong CoalFired Power Plant, fly ashes were composed of spherical materials with the size of 0.5-100 µm. Most fly ahes are composed of Si and Al. The result of XRD and SEM-EDX analysis showed no mineralogical changes for 60 days of experiments. But, Mg, Ca and Fe were enriched in solution during the time course experiments when glucose added to stimulated microbial activity. It may be attributed to microbial leaching of these elements from the fly ashes during the time course experiments.
3. The concentration of Mg, and Ca seemed to decrease during the time course experiments. Especially, Comparing with the autoclaved and natural samples, Mg, Ca, and Fe had a little different tendency on concentration changes in slurry of glucose added samples. This is because carbon dioxide produced in process that bacteria consume glucose, reacts with metal ion such as Fe and Ca to form carbonate mineral and this minerals are precipitated. Geochemical data showed that the bacteria not only immobilize metals from the ash pond by facilitating the chemical reaction but may also play an important role in sequestration of carbon dioxide by carbonate mineral precipitation.
4. The concentration of SO 4 2− decreased in samples during the time course experiments. Especially, comparing with the autoclaved and natural samples, it seems to decrease even more in slurry of glucose added samples. This is because iron or sulphate-reducing bacteria reduce sulfate ions to form sulfur ion gradually, in turn, the sulfur ion combine with hydrogen ion or metal ion to form sulfide minerals like HS, MnS, FeS. Iron or sulfur reducing bacteria use SO 4 2− in a process that they consume glucose in reducing environment, and they play a role of decreasing Mn and Fe ions. Under the microbial activated environment, microbes can not only participate in chemical reactions in natural environment but also facilitate the formation of hazardous elements(ex: fluorine >3 mg/L). And the recycling ratio of fly ash is increasing in Korea. So we need to a little more investigate for the species of indigenous microbes related with the reaction between fly ash and seawater as well as the information about mineralogical phase transformation.
This study was investigated biogeochemical change of fly ashes during the time course experiments. The activity of bacteria was related to both the increase of alkalinity concentration and the decrease of sulphate ion concentration. Although, this study failed to find out the kind of indigenous microbes, it may be used understanding of characteristic of bacteria in fly ash pond.
